The consequences of pathogenic variants in the NF1 gene can manifest in numerous tissues as a result of loss of neurofibromin protein function(s 
Introduction
The NF1 gene is considered a classical tumor suppressor and encodes neurofibromin, a multi-domain protein with the capacity to regulate several intracellular processes. The tumor suppressor function of neurofibromin is attributed to its negative regulation of p21ras signaling via a known GTPase-activating or GAP-related domain (GRD) (1) (2) (3) (4) (5) . Mutations in NF1 result in constitutive activation of Ras and downstream signaling cascades, including the Raf-MEK-ERK (MAPK) pathway and PI3K-AktmTOR pathway (6) (7) (8) . Neurofibromin is also a positive regulator of adenylyl cyclase and involved in the cyclic AMP (cAMP) pathway (9, 10) .
Much of our understanding of the mechanisms underlying the functional loss of NF1 come from mouse model studies. Nf1 deficiency in mice results in embryonic lethality due to heart abnormalities (11) (12) (13) . Endeavors to create additional mouse models have largely focused around recapitulating manifestations seen in individuals affected with neurofibromatosis type 1 (NF1). NF1 is a common genetic disorder characterized by the occurrence of neurofibromas and café-au-lait macules, as well as many other features (14) . NF1 is an autosomal dominant disorder with a near even divide between spontaneous and inherited mutations (14) . Individuals with NF1 are at an increased risk for developing associated malignancies, and display an assortment of benign and malignant lesions (14) .
Using conditional Nf1 alleles in the mouse, numerous studies have explored the effects of Nf1 loss in specific tissues. Nf1 deletion in neurons results in abnormal development of the cerebral cortex and extensive reactive astrogliosis in the brain (15) .
Deletion of Nf1 specifically in astrocytes in a Nf1
+/-mouse leads to the development of optic nerve gliomas (16, 17) . Additionally, Nf1 loss in the Schwann cell lineage produces plexiform neurofibromas (13, 18, 19) . Beyond tumorigenesis, Nf1 loss in the early limb bud mesenchyme or muscle reveals abnormal skeletal muscle development, function, and metabolism in neonatal and adult mice (20) (21) (22) .
To gain a better understanding of the role of Nf1 in the adult mouse, Nf1 was deleted in 3-4-month-old animals using the Nf1 4Flox conditional allele in combination
with CAGGCre-ER TM , a tamoxifen-inducible ubiquitous Cre (13, 23) . Nf1 is lost only upon treatment of tamoxifen (TM). In adults, neurofibromin is expressed at varying levels in most tissues, suggesting an important role in multiple tissues. Our data show that induced loss of Nf1 in adult animals is detrimental to metabolic function and viability.
Materials and Methods

Study approval
All experiments were conducted after approval of an animal protocol 
Generation of mouse lines, breeding, and tamoxifen induction
Two Nf1 alleles were utilized in this study as previously described (13 
Genotyping and Western blot analyses
Tail biopsies were obtained prior to and following TM induction to detect the presence of the converted null allele (Nf1
Δ4
). Genomic DNA was obtained by digesting tails in lysis buffer with proteinase K overnight, followed by phenol-chloroform extraction and ethanol precipitation. Polymerase chain reactions (PCRs) were set up with primer sets for detection of Nf1 4F allele, Nf1 Δ4 allele, and Cre (Table S1 ). PCR products were analyzed on 1.5% agarose gels.
Tissue samples of adult brain were snap-frozen and homogenized by sonication in lysis buffer as previously described (13) . Protein concentrations were determined using Pierce BCA Protein Assay Kit and 100μg total protein loaded per lane (Thermo Fisher Scientific, Waltham, MA). Western blot analysis was carried out as previously described (13) . The membranes were immunoblotted with primary antibody at 4ºC overnight, followed by incubation with secondary antibody (Table S2) . Protein bands were visualized using Pierce ECL2 Western Blotting substrate (80196; Thermo Fisher Scientific, Waltham, MA) and the ChemiDoc XRS+ system (Bio-Rad, Hercules, CA).
Equal loading was verified using ⍺-tubulin.
Histological and immunohistochemical analyses
Mice were intracardially perfused with 4% paraformaldehyde (PFA, w/v) in PBS.
Tissues were dissected and post-fixed overnight, followed by paraffin embedding and sectioning. For histological analyses, tissues were cut into 5μm sections and stained with hematoxylin and eosin (H&E).
For immunohistochemical analysis, deparaffinized tissue underwent antigen retrieval and processing as previously described (24). Sections were incubated with antibody against Ki67 and then an HRP-conjugated goat anti-rabbit as previously described (Table S2 ) (24). Slides underwent Cy3 tyramide signal amplification and counterstaining with bisbenzimide as previously described (24). Images were acquired using a Nikon Eclipse TE-200 fluorescence microscope (Nikon, Minato, Tokyo, Japan)
using Metamorph Imaging software (ver.6.1r6; Molecular Devices, San Jose, CA). Ten 40X fields were counted per animal, with a minimum of five animals counted per genotype.
Temperature and body composition analyses
Rectal and surface temperature were measured using a MicroTherma 2T handheld thermometer (TW2-107; ThermoWorks, American Fork, UT) with a rectal probe (RET 3; Physitemp Instruments, Clifton, New Jersey) and a FLIR T300 infrared (IR)
imaging camera (FLIR Systems, Wilsonville, OR). IR images were analyzed using FLIR Tools software (ver.2.1; FLIR Systems, Wilsonville, OR).
Body composition was measured using the EchoMRI 3-in-1 composition analyzer
Quantitative Magnetic Resonance (QMR) instrument (Echo Medical Systems, Houston, TX) as previously described (25) .
Hematological, clinical chemistry, and echocardiography analyses
Peripheral blood was collected in BD tubes (BD365963; Becton Dickinson and Company, San Jose, CA) by retro-orbital bleed under isoflurane micro-drop induction.
The sample was kept on ice and submitted for complete blood count analysis to Charles River Research Animal Diagnostic Services (Wilmington, MA).
Peripheral blood was collected in BD tubes (BD365967; Becton Dickinson and Company, San Jose, CA) as described above. The clotted blood was centrifuged at 2,000 x g for 10 minutes at 4ºC and the serum was transferred into a microcentrifuge tube, snap-frozen, and stored at -80ºC until submitted for clinical chemistry analysis to Charles River Research Animal Diagnostic Services (Wilmington, MA).
Cardiac structure and function was assessed using the VEVO 770 echocardiograph system (FUJIFILM VisualSonics, Inc., Toronto, ON). Mice were anaesthetized with isoflurane inhalation with heart rate maintained at ~400 BPM and body temperature maintained at 37ºC by placement on a heating pad. With a 35 MHz probe on long-axis and short axis M-mode images, wall thicknesses at diastole and systole were measured and analyzed using the manufacturer software package.
Feeding and drinking analyses
Food/water intake was collected for individually housed mice that had undergone at least a one-week acclimation period from group to individual housing. These were measured daily as body mass described above. Indirect calorimetry measurements were conducted on individually housed mice that had undergone an acclimation period as noted above. Energy expenditure, respiratory exchange ratio (RER) and locomotor activity were acquired using a
Bomb and indirect calorimetry analyses
Labmaster indirect-calorimetry system (TSE Systems, Bad Homburg, Germany). Eight animals were individually housed in calorimetry chambers, fresh air was supplied at 0.42L/min, and O2 consumption and CO2 production were measured for 1 minute every 9 minutes for each. Total energy expenditure (TEE) was determined by calculating the average hourly energy expenditure over 22 hours multiplied by 24. Resting energy expenditure (REE) was determined as the average of the 3 lowest 18-minute periods.
Non-resting energy expenditure (non-REE) was calculated as the difference between TEE and REE. Locomotor activity was determined with infrared beams for horizontal (x,y) activity. All animals were monitored daily for signs of distress. Animals were housed at room temperature (22ºC) or thermoneutral conditions (30ºC).
Quantitative metabolite analyses
Peripheral blood was collected in BD tubes (BD365974; Becton Dickinson and Company, San Jose, CA) as described above. The sample was kept on ice and centrifuged at 2,000 x g for 15 minutes at 4ºC. The clarified plasma was transferred to a microcentrifuge tube and stored at -80ºC. Analysis of free amino acids in physiological samples was performed by high performance ion exchange liquid chromatography as described previously (26, 27) . Plasma samples were first deproteinated with 10% 5-sulfosalycilic acid and then resolved via high performance ion exchange liquid chromatography using a discontinuous lithium chloride buffer gradient. Individual amino acids were detected by a post-column ninhydrin reaction and quantitated by comparing responses to a calibration curve.
Analysis of acylcarnitines in samples were performed by electrospray ionizationtandem mass spectrometry as described previously (28) . Plasma samples were deproteinated by addition of methanol spiked with a mixture of eight internal standards.
Acylcarnitines were converted to butyl esters and then subjected to electrospray ionization-tandem mass spectrometry; individual acylcarnitines were identified using a precursor ion scan and quantitated by comparison with the internal standards.
Organic acid analysis was performed on plasma and urine samples by gas chromatography-mass spectrometry as described (29) . Urine was collected without intervention by allowing a mouse to urinate on wax paper outside of the cage. The voided urine was aspirated into a microcentrifuge tube and stored at -80ºC. Plasma samples were initially deproteinated by adding an equal volume of 7% perchloric acid.
After centrifugation, the protein-free supernatant was collected for analysis. Organic acids in the deproteinated plasma and urine samples were first oximated by incubation with hydroxylamine and then isolated by acidification and partitioning with 1:1 ethyl acetate/ethyl ether. The isolated organic acids were then derivatized with trimethylsilyltrifluoroacetamide/1% trimethylchlorosilane, and then subjected to gas chromatography-mass spectrometry. Organic acid-TMS derivatives were identified by comparing their characteristic fragmentation spectra to a mass spectra library and quantitated by comparing responses to a standard calibration curve.
Statistical analysis
Statistical analyses were performed as indicated in the figure and table legends.
Changes over time in continuous variables between groups including body mass, food intake, energy expenditure, and average respiratory exchange ratio were examined by repeated measures mixed models. A value of P<0.05 was considered statistically significant. Statistical analyses were performed using GraphPad Prism 7 software (GraphPad Software, Inc., La Jolla, CA) and SAS ® (ver.9.4.). and Nf1 4F/4F mice showed a decrease in body mass and food intake after the first TM injection on day 6 ( Fig.3A-B (Table 3) . Few significant differences were noted in the organic acid levels in the urine, and no differences in the plasma on day 12. Glyceric and suberic acid, by-products of glycerol oxidation and fatty acid oxidation, were significantly higher in the urine of CAGGCre- (Table 4) . No differences were observed in ketone bodies with respect to 3-hydroxybutyric acid and total acetoacetic acid in urine or plasma.
Results
Systemic induced Nf1 knockout leads to acute lethality
ER TM ;Nf1 4F/4F mice
Impact of thermoneutral conditions on the acute, lethal phenotype
Indirect-calorimetry analysis was conducted in a second cohort at thermoneutrality (30ºC , in contrast to 22ºC where no significant differences were observed ( Fig.5B;   Fig.S10B ).
At thermoneutrality, significant differences were observed between CAGGCre-ER TM ;Nf1 4F/4F and Nf1 4F/4F mice for TEE, non-REE, and average RER (Fig.5C ,E,F);
however, there was no significant difference in REE (Fig.5D ). These differences were similar to trends observed at 22ºC, except for REE that decreased for CAGGCre-ER TM ;Nf1 4F/4F mice at 22ºC (Fig.S10C-F ).
Discussion
In this study, we employed a tamoxifen-inducible systemic knockout Nf1 model to explore the role of Nf1 in the adult mouse. First, we demonstrate that Nf1 is essential for the viability of the adult mouse, and that neurofibromin is required throughout life. By-products from energy utilization cycles are not elevated, further suggest that they are also being utilized for energy in alternative pathways, such as ketone bodies. Recent studies with human cell lines and tissues have connected loss of neurofibromin with alterations in metabolism, specifically mitochondrial fatty acid metabolism and cellular respiration (20, 35) . In addition, there appears to be an underlying metabolic phenotype in individuals with NF1. Adults with NF1 have a lower fasting blood glucose level compared with non-NF1 controls (36) . Similarly, there are also repeated studies reporting a lower occurrence of diabetes mellitus in NF1 patients (37) (38) (39) . A recent study found that NF1 patients have increased insulin sensitivity, lower levels of fasting blood glucose, and higher adiponectin levels (40) . A study also observed excessive intake of saturated fatty acids and lipids in NF1 patients (41 
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